We have investigated the influence of electric field on tin whisker growth. Sputtered tin samples were exposed to electron radiation, and were subsequently found to have grown whiskers, while sister control samples did not exhibit whisker growth. Statistics on the whisker properties are reported. The results are considered encouraging for substantiating an electrostatic theory of whisker growth, and the technique offers promise for examining early stages of whisker growth in general and establishing whisker-related accelerated life testing protocols.
Metal whiskers (MW) are hairlike protrusions that can grow on surfaces of many technologically important metals, for example, tin and zinc. MW across leads of electric equipment cause short circuits raising reliability concerns. The nature of MW remains a mystery after nearly 70 years of research. [1] [2] [3] [4] [5] [6] Procedures for MW mitigation are lacking; neither are there accelerated life testing protocols helping to predict their development. In spite of versatile information about MW, 7 there is almost no attention to them from the physics community.
Recently, tin whisker reliability issues have been significantly aggravated, after the previously used mitigation recipe of introducing lead into tin was effectively eliminated by the environmental Restriction of Hazardous Substances (RoHS) directive adopted in the European Union since 2002. Use of lead-free tin-based solders has consequently spilled worldwide through production standards. This has endangered multiple industries that rely on tin soldering, including aviation, automotive, and medical device industries. Hence, the need for understanding, predicting, and mitigating MW becomes even more urgent.
Here, we describe the physical effect of rapid tin whisker growth under the electron beam of a medical linear accelerator. The underlying motivations are that (1) this effect can be a potential accelerated life test for whisker-related reliability issues; (2) to our knowledge, the factor of ionizing radiation on whisker growth has never been considered, which overlooks whisker-related issues in a wide range of applications covering aerospace, particle accelerators, and medical equipment (such as pacemakers and defibrillators) under radiation; (3) this effect can shine new light on the physics behind whisker growth.
The possibility of electron beam effects on MW development [for example, Scanning Electron Microscope (SEM) beams] was predicted by a recently proposed electrostatic theory of metal whiskers 8, 9 attributing MW to random electric fields in the near-surface regions of imperfect metals. Moreover, a recent paper 10 reported strongly accelerated silver MW growth under SEM beams. Based on Refs. 8-10, our approach here is aimed at creating strong electric field perpendicular to tin film surface by charging the sample substrate under the electron beam of a medical linear accelerator.
Note that electric charging appears to be a major result of radiation for the present case of sub-micron thin tin films. Indeed, the probability of radiation defect creation in such films is negligibly small for high energy (∼ 10 MeV) electrons which have projected range on the order of centimeters.
11,12
So far, observations of the electric bias effects on whisker growth have remained scarce and inconclusive. Two groups have demonstrated rapid whisker growth through the use of high current density in tin films 13,14 , but did not isolate possible electric field effects. Other publications reported no bias effect on whisker growth 15 and even a negative effect of bias-suppressed whiskering. 16 Our results below provide additional data on the possibility of electric field effects on whisker development.
Our approach here is consistent with multiple studies indicating the presence of strong electric fields due to material charging under electron beams. These studies mostly deal with the conditions of vacuum characteristic of SEM beams, [17] [18] [19] [20] but some include ambient air effects. 21, 22 A significant factor provided by the latter is air ionization, which establishes an efficient current flow and determines the electric potential and field distributions around the sample and their time decay after beam removal. This is critical for the present study as well.
Our tin films were sputter coated on Pilkington TEC15 substrates (soda lime glass with nominal 15 Ω/ sheet resistance SnO 2 :F coating; see Fig. 1 ). The SnO 2 :F coating allows for easy electrical connection at all processing stages, and its surface roughness allows for greater film adhesion. The insulating glass substrate serves to accumulate a net charge from the incident radiation. Sputtering was done at room temperature from a pure 0.25 inch tin target, in a 20 mTorr working pressure atmosphere of argon gas, using 50 watts RF power. The deposited film thickness of 0.15 µm is below the micron range of efficient whisker growing film thickness. [1] [2] [3] [4] [5] [6] In our experiments, a sample of tin film on the glass substrate was placed on a 2 mm thick acrylic pedestal left ungrounded to facilitate electric charge accumulation under the incident electron beam. ian Medical Systems, Palo Alto, California) medical linear accelerator, operated in service mode (the machine diagnostic and research mode), was used to irradiate the sample. The electron fluence rate and their transmitted energy are estimated to be respectively G ≈ 10 9 electrons/(cm 2 -s) and w ≈ 2 MeV/electron. The irradiation was conducted in two 10-hour rounds, each spread out over five daily sessions two hours long each. The sample structure is represented by layers 1,2,3 in Fig. 1 showing also the direction of irradiation.
To evaluate the field strength, a second electrode was added, as illustrated in Fig. 1 (a) ; it was sufficiently thin ( < ∼ 0.1 mm) that the beam characteristics were practically unchanged. To avoid shunting, the inter-electrode gap was filled (and its thickness defined) with several layers of plastic sheets of thickness < 0.1 mm each. The current voltage characteristics corresponding to different numbers of such sheets were measured with a Keithley dual channel source meter (Keithley Instruments, Inc., Cleveland, Ohio) as shown in Fig. 2 . During each measurement, the beam was turned on and off several times. Note that neither the second electrode nor plastic sheets were present during the exposure leading to whisker growth.
The following observations are important for evaluating the electric filed distribution. (i) The measured current sense corresponds to the electron flow depicted in Fig. 1 (a) , i. e. negative charge is acquired by the structure. only weak dependence (the case of 13 layers in Fig. 2 ).
(iv) Changing the electron fluence rate by an order of magnitude results in an insignificant (factor of 2) current change. (v) No delays between voltage and currents were observed, and the system behavior was not altered by intermittent grounding, i. e. the structure did not retain any significant charge upon beam removal.
To interpret these observations, we note that the sign of the charge acquired by a dielectric (particularly, glass) sample under electron irradiation depends on the sample composition, electron stopping range and grounding.
21,23
The 6 MeV electron stopping range of about 2 cm in a glass is considerably greater than the sample and pedestal integral thickness of < ∼ 1 cm; hence the majority of primary (originating from the beam itself) electrons pass completely through the experimental setup. This creates 10 whiskers were counted in this region corresponding to the density of 500 whiskers/mm 2 large numbers of electron-hole pairs as well as radiationinduced conductivity in the glass. 21 Some of these electrons and holes can escape through the sample surface leaving unbalanced positive or negative charges depending on the material composition 23 and interfacial conditions; our data show that the sample is charged negatively.
In our setup without dedicated grounding, electric charge exchange is achieved through the air ionization 22 providing sufficient ionic conduction between the sample and the accelerator. Furthermore, the presence of significant ion concentration screens the electric field of the charged sample forming a barrier shown in Fig. 1 (b) ; its height is equal the tin work function W = 4.7 eV. The barrier shape is determined by the distribution of ions in the air (the plastic layers do not have enough mobile charges to contribute). The barrier thickness L is considerably smaller than the inter-electrode gap: using the standard value of the air dielectric strength, E ≈ 30, 000 V/cm, one can estimate L = W/E ≈ 2 µm. The barrierdominant resistance then determines the value of short circuit current accommodating practically the entire external voltage applied and making the current voltage slope insensitive to the gap structure, which explains the above observations (ii) -(iii). The observation (iv) confirms that most of the created electron hole pairs recombine in the structure. Finally, (v) can be explained by the radiation-induced conductivity 24 making the corresponding RC times shorter than the characteristic times of our experiments.
After first 10 hours of electron beam exposure, the sample was examined, for whisker formation by a Hitachi S-4800 SEM. Measured whisker length was taken as the entire whisker, including kinks if necessary (as opposed to merely the straight-line distance between the beginning and end).
We found that the irradiation procedure was successful in growing whiskers. Moreover, control samples not exposed to the radiation grew no detectable whiskers whatsoever over the same time period. Fig. 3 shows an example of single whisker, illustrating the high aspect ratio of this feature in comparison to the prevailing grain structure. Fig. 4 shows a larger region of the sample, illustrating the density of whiskers on the sample.
Previous work by other groups has suggested that tin whisker length is described by a log-normal distribution [25] [26] [27] . Figure 5 shows a satisfactory fit of measured whisker lengths with the cumulative probability of a log-normal distribution. The fitting parameters correspond well to the directly determined values of average length of 5.0µm with standard deviation of 2.5µm. The average whisker density (whiskers per area) was determined to be (335±32) mm −2 . The sample was given then another 10 hours of radiation before the second measurement of whisker length. Assuming that whisker growth was due entirely to the 20 hours of irradiation time, the whisker growth rate was 0.7±0.3Å/s, which is in line with whisker growth induced by mechanical stress in some studies, and is at least an order of magnitude greater than what is reported for spontaneous whisker growth (∼ 0.0002 − 0.1Å/s) 1, 25 . It should be emphasized again that the tin film thickness used in this study is generally considered not to be prone to whisker formation; hence, the field effect can provide even more significant acceleration of whisker growth rate. We consider these results to be promising first steps towards clarifying the role of electric field and trapped charges in tin whisker growth. More work is called upon including solder representative (micron thickness electroplated) tin samples, variations in radiation dose and fluence, etc. to investigate whisker growth as a function of time, field strength, film thickness, and alloy composition/morphology under electric field; other groups efforts could strongly facilitate this ambitious effort.
As a practically important result, this work shows that
